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1  Introduction	 ﾠ
The	 ﾠ passive	 ﾠ resistance	 ﾠ of	 ﾠ a	 ﾠ swimmer	 ﾠ on	 ﾠ the	 ﾠ free	 ﾠ surface	 ﾠ has	 ﾠ previously	 ﾠ been	 ﾠ researched	 ﾠ
experimentally.	 ﾠThe	 ﾠcontribution	 ﾠof	 ﾠwave	 ﾠresistance	 ﾠto	 ﾠtotal	 ﾠdrag	 ﾠfor	 ﾠa	 ﾠswimmer	 ﾠwith	 ﾠa	 ﾠvelocity	 ﾠ
around	 ﾠ2.0	 ﾠm.s
-ﾭ‐1	 ﾠwas	 ﾠfound	 ﾠto	 ﾠvary	 ﾠfrom	 ﾠ5%	 ﾠfor	 ﾠVorontsov	 ﾠand	 ﾠRumyantsev	 ﾠ(2000),	 ﾠto	 ﾠ21	 ﾠ%	 ﾠfor	 ﾠ
Toussaint	 ﾠ et	 ﾠ al.	 ﾠ (2002)	 ﾠ and	 ﾠ up	 ﾠ to	 ﾠ 60%	 ﾠ according	 ﾠ to	 ﾠ Vennell	 ﾠ et	 ﾠ al.	 ﾠ (2006).	 ﾠ The	 ﾠ exact	 ﾠ resistance	 ﾠ
breakdown	 ﾠof	 ﾠa	 ﾠswimmer	 ﾠremains	 ﾠunknown	 ﾠdue	 ﾠto	 ﾠdifficulties	 ﾠin	 ﾠthe	 ﾠdirect	 ﾠmeasurement	 ﾠof	 ﾠwave	 ﾠ
resistance.	 ﾠAs	 ﾠnoted	 ﾠby	 ﾠSato	 ﾠand	 ﾠHino	 ﾠ(2010),	 ﾠthis	 ﾠlack	 ﾠof	 ﾠexperimental	 ﾠdata	 ﾠmakes	 ﾠit	 ﾠdifficult	 ﾠto	 ﾠ
validate	 ﾠnumerical	 ﾠsimulations	 ﾠof	 ﾠswimmers	 ﾠon	 ﾠthe	 ﾠfree	 ﾠsurface.	 ﾠ	 ﾠ
This	 ﾠstudy	 ﾠis	 ﾠtherefore	 ﾠaimed	 ﾠat	 ﾠpresenting	 ﾠdirect	 ﾠmeasurements	 ﾠof	 ﾠa	 ﾠswimmer’s	 ﾠtotal	 ﾠdrag	 ﾠand	 ﾠ
wave	 ﾠresistance,	 ﾠalong	 ﾠwith	 ﾠthe	 ﾠlongitudinal	 ﾠwave	 ﾠcuts	 ﾠwhich	 ﾠmay	 ﾠbe	 ﾠused	 ﾠto	 ﾠvalidate	 ﾠnumerical	 ﾠ
simulations.	 ﾠ In	 ﾠ this	 ﾠ paper,	 ﾠ experimental	 ﾠ data	 ﾠ of	 ﾠ a	 ﾠ swimmer’s	 ﾠ resistance	 ﾠ are	 ﾠ presented	 ﾠ at	 ﾠ two	 ﾠ
different	 ﾠvelocities	 ﾠ(case	 ﾠ1	 ﾠ=	 ﾠ1.7	 ﾠm.s
-ﾭ‐1	 ﾠand	 ﾠcase	 ﾠ2	 ﾠ=	 ﾠ2.1	 ﾠm.s
-ﾭ‐1).	 ﾠTotal	 ﾠdrag	 ﾠwas	 ﾠmeasured	 ﾠusing	 ﾠforce	 ﾠ
block	 ﾠ dynamometers	 ﾠ mounted	 ﾠ on	 ﾠ a	 ﾠ custom-ﾭ‐built	 ﾠ tow	 ﾠ rig	 ﾠ (Webb	 ﾠ et	 ﾠ al.,	 ﾠ 2011).	 ﾠ Moreover,	 ﾠ a	 ﾠ
longitudinal	 ﾠwave	 ﾠcut	 ﾠmethod	 ﾠwas	 ﾠused	 ﾠto	 ﾠdirectly	 ﾠevaluate	 ﾠwave	 ﾠresistance	 ﾠ(Eggers,	 ﾠ1955).	 ﾠ	 ﾠ
The	 ﾠtwo	 ﾠconditions	 ﾠtested	 ﾠwere	 ﾠsimulated	 ﾠusing	 ﾠthe	 ﾠopen-ﾭ‐source	 ﾠComputational	 ﾠFluid	 ﾠDynamics	 ﾠ
(CFD)	 ﾠ code	 ﾠ OpenFOAM	 ﾠ (OpenFOAM®	 ﾠ (2013)).	 ﾠ The	 ﾠ body	 ﾠ geometry	 ﾠ is	 ﾠ a	 ﾠ generic	 ﾠ human	 ﾠ form,	 ﾠ
morphed	 ﾠ into	 ﾠ the	 ﾠ correct	 ﾠ attitude	 ﾠ and	 ﾠ depth	 ﾠ using	 ﾠ the	 ﾠ above-ﾭ‐	 ﾠ and	 ﾠ under-ﾭ‐water	 ﾠ video	 ﾠ footage	 ﾠ
recorded	 ﾠ during	 ﾠ the	 ﾠ experiment.	 ﾠ 3D	 ﾠ Unsteady	 ﾠ Reynolds-ﾭ‐Averaged	 ﾠ Navier-ﾭ‐Stokes	 ﾠ (URANS)	 ﾠ
simulations	 ﾠ were	 ﾠ performed	 ﾠ using	 ﾠ the	 ﾠ Volume	 ﾠ of	 ﾠ Fluid	 ﾠ (VOF)	 ﾠ method	 ﾠ to	 ﾠ solve	 ﾠ the	 ﾠ air-ﾭ‐water	 ﾠ
interface.	 ﾠA	 ﾠsimilar	 ﾠnumerical	 ﾠtechnique	 ﾠwas	 ﾠused	 ﾠby	 ﾠBanks	 ﾠ(2013a)	 ﾠto	 ﾠassess	 ﾠthe	 ﾠpassive	 ﾠresistance	 ﾠ
of	 ﾠa	 ﾠswimmer.	 ﾠTwo	 ﾠcases	 ﾠwere	 ﾠsimulated	 ﾠand	 ﾠthe	 ﾠerror	 ﾠin	 ﾠtotal	 ﾠdrag	 ﾠcompared	 ﾠto	 ﾠthe	 ﾠexperimental	 ﾠ
data	 ﾠwas	 ﾠfound	 ﾠto	 ﾠbe	 ﾠ1	 ﾠ%	 ﾠand	 ﾠ22	 ﾠ%	 ﾠrespectively.	 ﾠIn	 ﾠthis	 ﾠpaper,	 ﾠthe	 ﾠresistance	 ﾠcomponents	 ﾠover	 ﾠa	 ﾠ
swimmer’s	 ﾠtypical	 ﾠrange	 ﾠof	 ﾠspeeds	 ﾠare	 ﾠinvestigated	 ﾠand	 ﾠcompared	 ﾠwith	 ﾠthe	 ﾠexperimental	 ﾠdata.	 ﾠ	 ﾠ
2  Methods	 ﾠ
2.1  Experimental	 ﾠset-ﾭ‐up	 ﾠand	 ﾠanalysis	 ﾠ
A	 ﾠmale	 ﾠswimmer	 ﾠ(height	 ﾠ=	 ﾠ1.78	 ﾠm,	 ﾠweight	 ﾠ=	 ﾠ66	 ﾠkg)	 ﾠwas	 ﾠtowed	 ﾠpassively	 ﾠalong	 ﾠa	 ﾠ25-ﾭ‐m	 ﾠpool,	 ﾠwith	 ﾠtheir	 ﾠ
arms	 ﾠby	 ﾠtheir	 ﾠside,	 ﾠwith	 ﾠa	 ﾠtow	 ﾠbelt	 ﾠfixed	 ﾠaround	 ﾠhis	 ﾠwaist.	 ﾠTwo	 ﾠspeeds	 ﾠwere	 ﾠchosen	 ﾠacross	 ﾠthe	 ﾠrange	 ﾠ
of	 ﾠtypical	 ﾠswimming	 ﾠspeeds:	 ﾠ1.7	 ﾠm.s
-ﾭ‐1	 ﾠ(case	 ﾠ1)	 ﾠand	 ﾠ2.1	 ﾠm.s
-ﾭ‐1	 ﾠ(case	 ﾠ2).	 ﾠBoth	 ﾠtotal	 ﾠresistance	 ﾠand	 ﾠwave	 ﾠ
resistance	 ﾠwere	 ﾠmeasured.	 ﾠThe	 ﾠexperimental	 ﾠset-ﾭ‐up	 ﾠis	 ﾠpresented	 ﾠin	 ﾠFigure	 ﾠ1.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ1	 ﾠ–	 ﾠSchematic	 ﾠof	 ﾠthe	 ﾠUniversity	 ﾠof	 ﾠSouthampton	 ﾠJubilee	 ﾠswimming	 ﾠpool	 ﾠwith	 ﾠinfinity	 ﾠedges	 ﾠThe	 ﾠtotal	 ﾠresistance	 ﾠwas	 ﾠobtained	 ﾠby	 ﾠaveraging	 ﾠdata	 ﾠfrom	 ﾠthe	 ﾠforce-ﾭ‐block	 ﾠdynamometers	 ﾠmounted	 ﾠ
on	 ﾠa	 ﾠcustom-ﾭ‐built	 ﾠtow	 ﾠwinch.	 ﾠThe	 ﾠinstrumented	 ﾠtow	 ﾠsystem	 ﾠallows	 ﾠthe	 ﾠswimmer	 ﾠto	 ﾠbe	 ﾠpulled	 ﾠalong	 ﾠ
the	 ﾠpool	 ﾠat	 ﾠa	 ﾠconstant	 ﾠspeed	 ﾠwhilst	 ﾠthe	 ﾠtow	 ﾠforce	 ﾠis	 ﾠmeasured	 ﾠusing	 ﾠthree	 ﾠforce	 ﾠblocks	 ﾠ(Webb	 ﾠet	 ﾠal.,	 ﾠ
2011).	 ﾠ The	 ﾠ magnitude	 ﾠ of	 ﾠ the	 ﾠ measured	 ﾠ force	 ﾠ is	 ﾠ calibrated	 ﾠ at	 ﾠ the	 ﾠ beginning	 ﾠ of	 ﾠ each	 ﾠ session	 ﾠ by	 ﾠ
applying	 ﾠa	 ﾠknown	 ﾠforce	 ﾠto	 ﾠthe	 ﾠsystem.	 ﾠA	 ﾠmoving	 ﾠcamera	 ﾠallows	 ﾠa	 ﾠsynchronised	 ﾠvideo	 ﾠfeed	 ﾠto	 ﾠbe	 ﾠ
acquired	 ﾠat	 ﾠthe	 ﾠsame	 ﾠtime.	 ﾠ	 ﾠ
The	 ﾠ wave	 ﾠ pattern	 ﾠ resistance	 ﾠ was	 ﾠ obtained	 ﾠ using	 ﾠ a	 ﾠ longitudinal	 ﾠ wave	 ﾠ cut	 ﾠ method	 ﾠ originally	 ﾠ
defined	 ﾠby	 ﾠEggers	 ﾠ(1955),	 ﾠdeveloped	 ﾠby	 ﾠInsel	 ﾠ(1990)	 ﾠand	 ﾠrefined	 ﾠby	 ﾠ.	 ﾠThis	 ﾠmethod	 ﾠassumes	 ﾠthat	 ﾠa	 ﾠ
slender	 ﾠbody	 ﾠis	 ﾠmoving	 ﾠin	 ﾠan	 ﾠinviscid,	 ﾠincompressible	 ﾠand	 ﾠhomogeneous	 ﾠfluid	 ﾠand	 ﾠthat	 ﾠthe	 ﾠresulting	 ﾠ
flow	 ﾠis	 ﾠsteady	 ﾠand	 ﾠirrotational.	 ﾠFurthermore,	 ﾠthe	 ﾠwave	 ﾠheight	 ﾠshould	 ﾠbe	 ﾠsignificantly	 ﾠsmaller	 ﾠthan	 ﾠthe	 ﾠ
wave	 ﾠlength.	 ﾠA	 ﾠtripod	 ﾠwas	 ﾠset	 ﾠhalfway	 ﾠalong	 ﾠthe	 ﾠpool	 ﾠ(x	 ﾠ=	 ﾠ12.5	 ﾠm)	 ﾠwith	 ﾠan	 ﾠarray	 ﾠof	 ﾠthree	 ﾠwave	 ﾠprobes	 ﾠ
located	 ﾠat	 ﾠdistances	 ﾠy	 ﾠ=	 ﾠ1.50,	 ﾠ1.75	 ﾠand	 ﾠ2.00	 ﾠm	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠtrack	 ﾠof	 ﾠthe	 ﾠswimmer.	 ﾠThese	 ﾠwave	 ﾠ
probes	 ﾠare	 ﾠmade	 ﾠof	 ﾠtwo	 ﾠparallel	 ﾠstainless	 ﾠsteel	 ﾠwires,	 ﾠ12	 ﾠmm	 ﾠapart.	 ﾠThe	 ﾠconductivity	 ﾠbetween	 ﾠair	 ﾠ
and	 ﾠwater	 ﾠis	 ﾠsignificant	 ﾠenough	 ﾠthat	 ﾠa	 ﾠchange	 ﾠin	 ﾠvoltage	 ﾠoutput	 ﾠcan	 ﾠbe	 ﾠmeasured	 ﾠas	 ﾠthe	 ﾠwater	 ﾠ
surface	 ﾠ deforms.	 ﾠ The	 ﾠ probes	 ﾠ were	 ﾠ calibrated	 ﾠ by	 ﾠ acquiring	 ﾠ the	 ﾠ voltage	 ﾠ output	 ﾠ at	 ﾠ two	 ﾠ known	 ﾠ
immersion	 ﾠdepths	 ﾠ+/-ﾭ‐	 ﾠ0.1	 ﾠm	 ﾠas	 ﾠthey	 ﾠhave	 ﾠknown	 ﾠlinearity	 ﾠresponse.	 ﾠ
During	 ﾠ a	 ﾠ run,	 ﾠ three	 ﾠ longitudinal	 ﾠ wave	 ﾠ cuts	 ﾠ were	 ﾠ recorded	 ﾠ at	 ﾠ a	 ﾠ sample	 ﾠ rate	 ﾠ of	 ﾠ 250	 ﾠ Hz.	 ﾠ A	 ﾠ
numerical	 ﾠ wave	 ﾠ profile	 ﾠ was	 ﾠ fitted	 ﾠ through	 ﾠ each	 ﾠ experimental	 ﾠ wave	 ﾠ cut	 ﾠ and	 ﾠ the	 ﾠ matrix	 ﾠ method	 ﾠ
developed	 ﾠby	 ﾠInsel	 ﾠ(1990)	 ﾠwas	 ﾠused	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠEggers	 ﾠcoefficients	 ﾠ𝜉 	 ﾠand	 ﾠ𝜂 ,	 ﾠleading	 ﾠto	 ﾠthe	 ﾠ
full	 ﾠwave	 ﾠsystem	 ﾠdefinition.	 ﾠ	 ﾠ
𝜁 = ﾠ 𝜉  cos 𝑥𝗾 𝑐𝑜𝑠𝜃  + 𝜂  sin 𝑥𝗾 𝑐𝑜𝑠𝜃  ∗ cos ﾠ
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where,	 ﾠ𝗾 𝑠𝑖𝑛𝜃  =
   
  ,	 ﾠ𝜃 	 ﾠis	 ﾠthe	 ﾠwave	 ﾠangle,	 ﾠb	 ﾠis	 ﾠthe	 ﾠwidth	 ﾠof	 ﾠthe	 ﾠdomain	 ﾠand	 ﾠM	 ﾠis	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠ
harmonics.	 ﾠ
Theoretically,	 ﾠonly	 ﾠone	 ﾠlongitudinal	 ﾠwave	 ﾠcut	 ﾠis	 ﾠnecessary	 ﾠto	 ﾠevaluate	 ﾠthe	 ﾠwave	 ﾠelevation,	 ﾠζ,	 ﾠbut	 ﾠ
in	 ﾠ case	 ﾠ the	 ﾠ term	 ﾠcos
    
  → 0	 ﾠfor	 ﾠ some	 ﾠ harmonics,	 ﾠ longitudinal	 ﾠ wave	 ﾠ cuts	 ﾠ from	 ﾠ the	 ﾠ two	 ﾠ wave	 ﾠ
probes	 ﾠclosest	 ﾠto	 ﾠthe	 ﾠswimmer	 ﾠwere	 ﾠused	 ﾠfor	 ﾠthe	 ﾠanalysis.	 ﾠ
Once	 ﾠthe	 ﾠEggers	 ﾠcoefficients	 ﾠare	 ﾠfound,	 ﾠthe	 ﾠwave	 ﾠresistance	 ﾠcan	 ﾠbe	 ﾠcalculated	 ﾠas	 ﾠfollows:	 ﾠ
𝑅  =
1
4
𝜌𝑔𝑏 𝜉 
  + 𝜂 
  + 𝜉 
  + 𝜂 
  1 −
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2.2  Computational	 ﾠFluid	 ﾠDynamics	 ﾠ	 ﾠ
2.2.1  Swimmer	 ﾠgeometry	 ﾠ
A	 ﾠgeneric	 ﾠbody	 ﾠscan	 ﾠof	 ﾠa	 ﾠhuman	 ﾠwith	 ﾠtheir	 ﾠarms	 ﾠby	 ﾠtheir	 ﾠsides	 ﾠwas	 ﾠused	 ﾠas	 ﾠa	 ﾠbasis	 ﾠathlete	 ﾠgeometry.	 ﾠ
The	 ﾠbasis	 ﾠathlete	 ﾠgeometry	 ﾠwas	 ﾠmodified	 ﾠwith	 ﾠan	 ﾠin-ﾭ‐house	 ﾠmeshing	 ﾠtool	 ﾠcalled	 ﾠAdaptflexi	 ﾠ(Turnock,	 ﾠ
2004)	 ﾠso	 ﾠas	 ﾠto	 ﾠmatch	 ﾠthe	 ﾠdifferent	 ﾠcase	 ﾠconditions.	 ﾠThis	 ﾠhas	 ﾠthe	 ﾠcapability	 ﾠto	 ﾠtake	 ﾠa	 ﾠ.STL	 ﾠgeometry	 ﾠ
and	 ﾠdeform	 ﾠit	 ﾠin	 ﾠa	 ﾠnumber	 ﾠof	 ﾠdifferent	 ﾠways.	 ﾠFirstly,	 ﾠvariable	 ﾠscale	 ﾠfactors	 ﾠare	 ﾠapplied	 ﾠalong	 ﾠthe	 ﾠbody	 ﾠ
to	 ﾠmatch	 ﾠa	 ﾠspecific	 ﾠathlete’s	 ﾠbody	 ﾠshape.	 ﾠSecondly,	 ﾠ joint	 ﾠrotations	 ﾠare	 ﾠ performed	 ﾠ to	 ﾠmatch	 ﾠthe	 ﾠ
athlete’s	 ﾠattitude	 ﾠand	 ﾠposture	 ﾠfrom	 ﾠthe	 ﾠvideo	 ﾠfootages	 ﾠacquired	 ﾠduring	 ﾠthe	 ﾠexperiment	 ﾠ(Figure	 ﾠ2).	 ﾠ
	 ﾠ
Figure	 ﾠ2	 ﾠ–	 ﾠSwimmer’s	 ﾠposition	 ﾠfrom	 ﾠthe	 ﾠunder-ﾭ‐water	 ﾠview	 ﾠused	 ﾠto	 ﾠmodify	 ﾠa	 ﾠgeneric	 ﾠscanned	 ﾠbody	 ﾠ2.2.2  Meshing	 ﾠtechnique	 ﾠ
An	 ﾠ unstructured	 ﾠ hexahedral	 ﾠ mesh	 ﾠ around	 ﾠ the	 ﾠ swimmer	 ﾠ was	 ﾠ created	 ﾠ using	 ﾠ the	 ﾠ snappyHexMesh	 ﾠ
utility	 ﾠwithin	 ﾠthe	 ﾠopen	 ﾠsource	 ﾠCFD	 ﾠpackage	 ﾠOpenFOAM-ﾭ‐2.2.0	 ﾠ(OpenFOAM®,	 ﾠ2013).	 ﾠFirst,	 ﾠa	 ﾠcoarse	 ﾠ
block	 ﾠmesh	 ﾠwith	 ﾠdimensions	 ﾠ14	 ﾠx	 ﾠ7.5	 ﾠx	 ﾠ2	 ﾠ[m
3]	 ﾠwas	 ﾠcreated	 ﾠwith	 ﾠcells	 ﾠof	 ﾠ0.2	 ﾠm	 ﾠin	 ﾠeach	 ﾠdirection.	 ﾠ
Regions	 ﾠwere	 ﾠdefined	 ﾠwith	 ﾠup	 ﾠto	 ﾠsix	 ﾠlevels	 ﾠof	 ﾠisotropic	 ﾠrefinement	 ﾠ(recursively	 ﾠhaving	 ﾠin	 ﾠall	 ﾠthree	 ﾠ
local	 ﾠ cell	 ﾠ dimensions	 ﾠ six	 ﾠ times),	 ﾠ gradually	 ﾠ increasing	 ﾠ the	 ﾠ mesh	 ﾠ density	 ﾠ near	 ﾠ the	 ﾠ body,	 ﾠ whilst	 ﾠ
maintaining	 ﾠ a	 ﾠ cell	 ﾠ aspect	 ﾠ ratio	 ﾠ of	 ﾠ approximately	 ﾠ one.	 ﾠ Unidirectional	 ﾠ refinement	 ﾠ was	 ﾠ applied	 ﾠ
perpendicular	 ﾠto	 ﾠthe	 ﾠfree	 ﾠsurface	 ﾠto	 ﾠprovide	 ﾠgood	 ﾠwave	 ﾠpattern	 ﾠresolution,	 ﾠwhilst	 ﾠminimising	 ﾠmesh	 ﾠ
size.	 ﾠBoundary	 ﾠlayer	 ﾠelements	 ﾠwere	 ﾠgrown	 ﾠout	 ﾠfrom	 ﾠthe	 ﾠbody	 ﾠsurface	 ﾠmesh	 ﾠto	 ﾠprovide	 ﾠa	 ﾠy
+	 ﾠof	 ﾠ1.	 ﾠThis	 ﾠ
places	 ﾠapproximately	 ﾠ10	 ﾠcells	 ﾠwithin	 ﾠan	 ﾠestimated	 ﾠy
+	 ﾠof	 ﾠ40	 ﾠallowing	 ﾠthe	 ﾠviscous	 ﾠboundary	 ﾠlayer	 ﾠto	 ﾠbe	 ﾠ
captured	 ﾠ (WS	 ﾠ Atkins	 ﾠ Consultants,	 ﾠ 2003).	 ﾠ The	 ﾠ developed	 ﾠ mesh	 ﾠ structure	 ﾠ contains	 ﾠ approximately	 ﾠ
eight	 ﾠmillion	 ﾠelements	 ﾠand	 ﾠis	 ﾠshown	 ﾠin	 ﾠside	 ﾠelevation	 ﾠand	 ﾠplan	 ﾠview	 ﾠ(Figure	 ﾠ3).	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ3	 ﾠ-ﾭ‐	 ﾠMesh	 ﾠat	 ﾠplan	 ﾠy	 ﾠ=	 ﾠ0	 ﾠm	 ﾠ(left)	 ﾠand	 ﾠplan	 ﾠz	 ﾠ=	 ﾠ-ﾭ‐0.2	 ﾠm	 ﾠ(right)	 ﾠ
	 ﾠ
2.2.3  Numerical	 ﾠapproach	 ﾠwith	 ﾠthe	 ﾠinclusion	 ﾠof	 ﾠa	 ﾠfree-ﾭ‐surface	 ﾠ	 ﾠ
The	 ﾠfluid	 ﾠproperties	 ﾠaround	 ﾠthe	 ﾠswimmer	 ﾠwere	 ﾠsolved	 ﾠwith	 ﾠthe	 ﾠUnsteady	 ﾠincompressible	 ﾠReynolds-ﾭ‐
Averaged	 ﾠNavier-ﾭ‐Stokes	 ﾠ(URANS)	 ﾠequations	 ﾠusing	 ﾠa	 ﾠsecond	 ﾠorder	 ﾠPISO	 ﾠfinite	 ﾠvolume	 ﾠmethod.	 ﾠThe	 ﾠ
fluid	 ﾠtemperature	 ﾠwas	 ﾠset	 ﾠto	 ﾠ25
oC	 ﾠwith	 ﾠa	 ﾠdensity	 ﾠof	 ﾠ997	 ﾠkg.m
-ﾭ‐3	 ﾠand	 ﾠa	 ﾠkinematic	 ﾠviscosity	 ﾠof	 ﾠ0.89	 ﾠx	 ﾠ10
-ﾭ‐6	 ﾠ
m
2.s
-ﾭ‐1.	 ﾠThe	 ﾠk-ﾭ‐ω	 ﾠSST	 ﾠturbulence	 ﾠmodel	 ﾠwas	 ﾠapplied	 ﾠsince	 ﾠit	 ﾠprovides	 ﾠa	 ﾠreasonable	 ﾠrepresentation	 ﾠof	 ﾠa	 ﾠ
boundary	 ﾠlayer	 ﾠunder	 ﾠadverse	 ﾠpressure	 ﾠgradients,	 ﾠseparation	 ﾠand	 ﾠrecirculation.	 ﾠA	 ﾠVolume	 ﾠof	 ﾠFluid	 ﾠ
(VOF)	 ﾠapproach	 ﾠwas	 ﾠused	 ﾠfor	 ﾠthe	 ﾠfree	 ﾠsurface	 ﾠwith	 ﾠthe	 ﾠvolume	 ﾠfraction	 ﾠtransport	 ﾠequation	 ﾠdefined	 ﾠ
as:	 ﾠ
  
   +
 (   )
   
= 0	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
where	 ﾠφ	 ﾠis	 ﾠthe	 ﾠvolume	 ﾠfraction	 ﾠcalculated	 ﾠas	 ﾠthe	 ﾠvolume	 ﾠratio	 ﾠof	 ﾠwater	 ﾠto	 ﾠair	 ﾠin	 ﾠa	 ﾠgiven	 ﾠcell	 ﾠ(Peric,	 ﾠ
M.,	 ﾠ&	 ﾠFerziger,	 ﾠ2002).	 ﾠThe	 ﾠfluid	 ﾠdensity,	 ﾠρ,	 ﾠand	 ﾠviscosity,	 ﾠµ,	 ﾠcan	 ﾠthen	 ﾠbe	 ﾠrespectively	 ﾠcalculated	 ﾠas:	 ﾠ
𝜌 = 𝜌   (1 − 𝜑) + 𝜌     𝜑	 ﾠ	 ﾠ	 ﾠand	 ﾠ	 ﾠ	 ﾠ𝜇 = 𝜇   (1 − 𝜑) + 𝜇     𝜑	 ﾠ
	 ﾠ
The	 ﾠdetailed	 ﾠnumerical	 ﾠsettings	 ﾠused	 ﾠto	 ﾠperform	 ﾠthe	 ﾠmulti-ﾭ‐phase	 ﾠsimulations	 ﾠdiscussed	 ﾠin	 ﾠthis	 ﾠ
paper	 ﾠcan	 ﾠbe	 ﾠfound	 ﾠfor	 ﾠsimilar	 ﾠsimulations	 ﾠin	 ﾠBanks	 ﾠ(2013b).	 ﾠThese	 ﾠsimulations	 ﾠwere	 ﾠcomputed	 ﾠin	 ﾠ
parallel	 ﾠruns	 ﾠon	 ﾠthe	 ﾠhigh	 ﾠperformance	 ﾠcomputing	 ﾠfacility	 ﾠavailable	 ﾠat	 ﾠthe	 ﾠUniversity	 ﾠof	 ﾠSouthampton	 ﾠ
Iridis	 ﾠ 4	 ﾠ (10x16	 ﾠ core	 ﾠ nodes	 ﾠ each	 ﾠ with	 ﾠ 4GB	 ﾠ RAM/core).	 ﾠ At	 ﾠ the	 ﾠ lowest	 ﾠ speed,	 ﾠ seven	 ﾠ hours	 ﾠ were	 ﾠ
required	 ﾠto	 ﾠsimulate	 ﾠone	 ﾠsecond	 ﾠof	 ﾠreal	 ﾠtime	 ﾠand	 ﾠthe	 ﾠsimulations	 ﾠwere	 ﾠrun	 ﾠfor	 ﾠ25	 ﾠseconds	 ﾠin	 ﾠorder	 ﾠto	 ﾠ
capture	 ﾠthree	 ﾠflows	 ﾠthrough	 ﾠthe	 ﾠdomain.	 ﾠ
3  Results	 ﾠ
The	 ﾠwave	 ﾠfields	 ﾠobserved	 ﾠaround	 ﾠthe	 ﾠswimmer	 ﾠduring	 ﾠthe	 ﾠexperimental	 ﾠtests	 ﾠand	 ﾠas	 ﾠobtained	 ﾠfrom	 ﾠ
CFD	 ﾠare	 ﾠpresented	 ﾠin	 ﾠFigure	 ﾠ4	 ﾠand	 ﾠ5.	 ﾠAt	 ﾠthe	 ﾠhigher	 ﾠspeed	 ﾠ(case	 ﾠ2	 ﾠ–	 ﾠV	 ﾠ=	 ﾠ2.1	 ﾠm.s
-ﾭ‐1),	 ﾠmore	 ﾠenergy	 ﾠis	 ﾠ
transferred	 ﾠto	 ﾠthe	 ﾠwave	 ﾠsystem	 ﾠresulting	 ﾠin	 ﾠa	 ﾠlarger-ﾭ‐amplitude	 ﾠwave	 ﾠpattern.	 ﾠConsequently,	 ﾠa	 ﾠhigher	 ﾠ
wave	 ﾠresistance	 ﾠis	 ﾠobtained	 ﾠin	 ﾠthis	 ﾠcase	 ﾠas	 ﾠindicated	 ﾠin	 ﾠTable	 ﾠ1	 ﾠ(on	 ﾠaverage	 ﾠ26	 ﾠ%	 ﾠincrease	 ﾠbetween	 ﾠ
case	 ﾠ1	 ﾠand	 ﾠcase	 ﾠ2).	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ4	 ﾠ–	 ﾠA	 ﾠcomparison	 ﾠof	 ﾠthe	 ﾠwave	 ﾠpattern	 ﾠobserved	 ﾠaround	 ﾠthe	 ﾠswimmer	 ﾠduring	 ﾠthe	 ﾠexperimental	 ﾠ
tests	 ﾠ(a)	 ﾠwith	 ﾠthe	 ﾠnumerical	 ﾠsolution	 ﾠ(b,	 ﾠc)	 ﾠof	 ﾠthe	 ﾠfree	 ﾠsurface.	 ﾠFree	 ﾠsurface	 ﾠdeformation	 ﾠdisplayed	 ﾠ
with	 ﾠcontours	 ﾠ±0.01m	 ﾠ(bold	 ﾠcontours	 ﾠare	 ﾠwave	 ﾠtrough)	 ﾠand	 ﾠlongitudinal	 ﾠwave	 ﾠcuts	 ﾠpositioned	 ﾠat	 ﾠy	 ﾠ=	 ﾠ
1.50,	 ﾠ1.75	 ﾠand	 ﾠ2.00	 ﾠm	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠswimmer	 ﾠ(c).	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ5	 ﾠ–	 ﾠA	 ﾠcomparison	 ﾠof	 ﾠthe	 ﾠexperimental	 ﾠand	 ﾠnumerical	 ﾠlongitudinal	 ﾠwave	 ﾠcuts	 ﾠat	 ﾠdifferent	 ﾠoffset	 ﾠ
distances	 ﾠ(y)	 ﾠfrom	 ﾠthe	 ﾠcenterline	 ﾠ(Case	 ﾠ1	 ﾠ(left)	 ﾠand	 ﾠCase	 ﾠ2	 ﾠ(right))	 ﾠ
	 ﾠ
As	 ﾠpresented	 ﾠin	 ﾠTables	 ﾠ1	 ﾠand	 ﾠ2,	 ﾠthe	 ﾠtotal	 ﾠswimmer’s	 ﾠpassive	 ﾠresistance	 ﾠbreaks	 ﾠdown	 ﾠto	 ﾠthe	 ﾠsum	 ﾠ
of	 ﾠthe	 ﾠskin	 ﾠfriction	 ﾠand	 ﾠpressure	 ﾠforce.	 ﾠThis	 ﾠlast	 ﾠterm	 ﾠcan	 ﾠbe	 ﾠfurther	 ﾠexpressed	 ﾠin	 ﾠterms	 ﾠof	 ﾠthe	 ﾠviscous	 ﾠ
pressure	 ﾠform	 ﾠand	 ﾠthe	 ﾠwave	 ﾠdrag.	 ﾠThe	 ﾠCFD	 ﾠskin	 ﾠfriction	 ﾠand	 ﾠtotal	 ﾠpressure	 ﾠforce	 ﾠwere	 ﾠobtained	 ﾠby	 ﾠ
taking	 ﾠthe	 ﾠaverage	 ﾠvalues	 ﾠof	 ﾠtwo	 ﾠsteady	 ﾠflows	 ﾠthrough.	 ﾠ
The	 ﾠexperimental	 ﾠdata	 ﾠevaluated	 ﾠusing	 ﾠthe	 ﾠmethodology	 ﾠdescribed	 ﾠin	 ﾠ2.1	 ﾠconfirms	 ﾠa	 ﾠhigher	 ﾠ
wave	 ﾠ resistance	 ﾠ at	 ﾠ the	 ﾠ highest	 ﾠspeed;	 ﾠ however	 ﾠ the	 ﾠ percentage	 ﾠ of	 ﾠ drag	 ﾠ due	 ﾠ to	 ﾠ wave	 ﾠ resistance	 ﾠ
increases	 ﾠ as	 ﾠ the	 ﾠ speed	 ﾠ decreases.	 ﾠ Averaging	 ﾠ the	 ﾠ data	 ﾠ over	 ﾠ three	 ﾠ repeat	 ﾠ runs,	 ﾠ wave	 ﾠ resistance	 ﾠ
represents	 ﾠ13.7	 ﾠ%	 ﾠof	 ﾠthe	 ﾠtotal	 ﾠdrag	 ﾠat	 ﾠ1.7	 ﾠm.s
-ﾭ‐1,	 ﾠwhereas	 ﾠat	 ﾠthe	 ﾠhigher	 ﾠaverage	 ﾠspeed	 ﾠtested	 ﾠof	 ﾠ2.1	 ﾠ
m.s
-ﾭ‐1,	 ﾠwave	 ﾠresistance	 ﾠaccounts	 ﾠfor	 ﾠonly	 ﾠ11.5%	 ﾠof	 ﾠthe	 ﾠtotal	 ﾠdrag.	 ﾠ
	 ﾠ
Case	 ﾠ2	 ﾠ–	 ﾠV	 ﾠ=	 ﾠ2.1	 ﾠm.s
-ﾭ‐1	 ﾠ–	 ﾠFn	 ﾠ=	 ﾠ0.49	 ﾠ Case	 ﾠ1	 ﾠ–	 ﾠV	 ﾠ=	 ﾠ1.7	 ﾠm.s
-ﾭ‐1	 ﾠ–	 ﾠFn	 ﾠ=	 ﾠ0.38	 ﾠ
(a)	 ﾠ
(b)	 ﾠ
(c)	 ﾠTable	 ﾠ1	 ﾠ–	 ﾠCase	 ﾠ1	 ﾠ(Speed	 ﾠ=	 ﾠ1.7	 ﾠm.s
-ﾭ‐1)	 ﾠ–	 ﾠMeasured	 ﾠvalues	 ﾠ
Resistance	 ﾠ
[N]	 ﾠ 	 ﾠ	 ﾠ
ITTC'57	 ﾠcoeff.	 ﾠ
(ITTC,	 ﾠ2002)	 ﾠ
Experiment	 ﾠ
CFD	 ﾠ
Force	 ﾠ[N]	 ﾠ %	 ﾠRT	 ﾠ Coeff.	 ﾠ[-ﾭ‐]	 ﾠ
Skin	 ﾠfriction	 ﾠ 	 ﾠ	 ﾠ 3.61E-ﾭ‐03	 ﾠ 	 ﾠ	 ﾠ 10.43	 ﾠ 10.75%	 ﾠ 3.78E-ﾭ‐03	 ﾠ
Pressure	 ﾠ
P-ﾭ‐viscous	 ﾠ(form)	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
P-ﾭ‐wave	 ﾠ
	 ﾠ
18.07,	 ﾠ14.68,	 ﾠ-ﾭ‐	 ﾠ
	 ﾠ 	 ﾠ 	 ﾠ P-ﾭ‐total	 ﾠ(P-ﾭ‐v	 ﾠ+	 ﾠP-ﾭ‐w)	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 86.58	 ﾠ 89.25%	 ﾠ 31.4E-ﾭ‐03	 ﾠ
Total	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 120.1,	 ﾠ119.7,	 ﾠ118.3	 ﾠ 97.01	 ﾠ 100.00%	 ﾠ 35.1E-ﾭ‐03	 ﾠ
	 ﾠ
Table	 ﾠ2	 ﾠ–	 ﾠCase	 ﾠ2	 ﾠ(Speed	 ﾠ=	 ﾠ2.1	 ﾠm.s
-ﾭ‐1)	 ﾠ–	 ﾠMeasured	 ﾠvalues	 ﾠ
Resistance	 ﾠ
[N]	 ﾠ 	 ﾠ	 ﾠ
ITTC'57	 ﾠcoeff.	 ﾠ	 ﾠ
(ITTC,	 ﾠ2002)	 ﾠ
Experiment	 ﾠ
CFD	 ﾠ
Force	 ﾠ[N]	 ﾠ %	 ﾠRT	 ﾠ Coeff.	 ﾠ[-ﾭ‐]	 ﾠ
Skin	 ﾠfriction	 ﾠ
	 ﾠ
3.45E-ﾭ‐03	 ﾠ
	 ﾠ
16.86	 ﾠ 11.25%	 ﾠ 3.71E-ﾭ‐03	 ﾠ
Pressure	 ﾠ
P-ﾭ‐viscous	 ﾠ(form)	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
P-ﾭ‐wave	 ﾠ
	 ﾠ
17.21,	 ﾠ24.90,	 ﾠ23.41	 ﾠ
	 ﾠ 	 ﾠ 	 ﾠ P-ﾭ‐total	 ﾠ(P-ﾭ‐v	 ﾠ+	 ﾠP-ﾭ‐w)	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 132.98	 ﾠ 88.75%	 ﾠ 29.3E-ﾭ‐03	 ﾠ
Total	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 183.4,	 ﾠ195.3,	 ﾠ193.1	 ﾠ 149.84	 ﾠ 100.00%	 ﾠ 33.0E-ﾭ‐03	 ﾠ
	 ﾠ
4  Discussion	 ﾠ
The	 ﾠnumerical	 ﾠsimulation	 ﾠeffectively	 ﾠcaptured	 ﾠthe	 ﾠwave	 ﾠsystem	 ﾠdeveloped	 ﾠby	 ﾠthe	 ﾠswimmer	 ﾠin	 ﾠa	 ﾠ
comparable	 ﾠmanner	 ﾠto	 ﾠthe	 ﾠexperiment,	 ﾠas	 ﾠseen	 ﾠin	 ﾠFigure	 ﾠ5.	 ﾠOverall,	 ﾠthere	 ﾠis	 ﾠa	 ﾠbetter	 ﾠagreement	 ﾠwith	 ﾠ
the	 ﾠwave	 ﾠprobe	 ﾠlocated	 ﾠcloser	 ﾠto	 ﾠthe	 ﾠswimmer	 ﾠand	 ﾠfor	 ﾠthe	 ﾠnear-ﾭ‐wake.	 ﾠ
The	 ﾠdiscrepancy	 ﾠbetween	 ﾠthe	 ﾠnumerically	 ﾠsimulated	 ﾠfree	 ﾠsurface	 ﾠelevation	 ﾠand	 ﾠthe	 ﾠmeasured	 ﾠ
longitudinal	 ﾠwave	 ﾠcuts	 ﾠcomes	 ﾠfrom	 ﾠseveral	 ﾠfactors.	 ﾠIn	 ﾠa	 ﾠpool,	 ﾠthere	 ﾠis	 ﾠonly	 ﾠa	 ﾠpartial	 ﾠwall	 ﾠreflection,	 ﾠ
whereas	 ﾠin	 ﾠthe	 ﾠCFD	 ﾠa	 ﾠsolid	 ﾠboundary	 ﾠis	 ﾠsimulated.	 ﾠFurthermore,	 ﾠduring	 ﾠthe	 ﾠexperiment,	 ﾠthe	 ﾠfree	 ﾠ
surface	 ﾠwas	 ﾠnever	 ﾠperfectly	 ﾠcalm,	 ﾠdespite	 ﾠ	 ﾠtime	 ﾠbeing	 ﾠ	 ﾠallowed	 ﾠfor	 ﾠthe	 ﾠpool	 ﾠwater	 ﾠsurface	 ﾠto	 ﾠsettle.	 ﾠ
This	 ﾠ may	 ﾠ have	 ﾠ caused	 ﾠ small	 ﾠ wave	 ﾠ interactions	 ﾠ resulting	 ﾠ in	 ﾠ different	 ﾠ wave	 ﾠ resistances	 ﾠ over	 ﾠ the	 ﾠ
experimental	 ﾠ set	 ﾠ of	 ﾠ runs.	 ﾠ Numerical	 ﾠ diffusion	 ﾠ may	 ﾠ also	 ﾠ cause	 ﾠ the	 ﾠ simulated	 ﾠ wave	 ﾠ pattern	 ﾠ to	 ﾠ
dissipate	 ﾠfurther	 ﾠaway	 ﾠfrom	 ﾠthe	 ﾠswimmer.	 ﾠ	 ﾠ	 ﾠ
Another	 ﾠmajor	 ﾠunknown	 ﾠis	 ﾠthe	 ﾠvariability	 ﾠin	 ﾠthe	 ﾠswimmer’s	 ﾠposition	 ﾠduring	 ﾠa	 ﾠrun.	 ﾠIndeed,	 ﾠa	 ﾠ
swimmer	 ﾠ cannot	 ﾠ physically	 ﾠ adopt	 ﾠ a	 ﾠ steady	 ﾠ position	 ﾠ whilst	 ﾠ being	 ﾠ towed.	 ﾠ His	 ﾠ vertical	 ﾠ position	 ﾠ is	 ﾠ
governed	 ﾠby	 ﾠbalancing	 ﾠthe	 ﾠbuoyancy,	 ﾠweight	 ﾠand	 ﾠhydrodynamic	 ﾠforces.	 ﾠHis	 ﾠattitude	 ﾠin	 ﾠthe	 ﾠwater	 ﾠis	 ﾠ
dictated	 ﾠby	 ﾠthe	 ﾠmoments	 ﾠgenerated	 ﾠby	 ﾠthese	 ﾠforces.	 ﾠFor	 ﾠinstance,	 ﾠthe	 ﾠdistance	 ﾠbetween	 ﾠthe	 ﾠcentres	 ﾠ
of	 ﾠbuoyancy	 ﾠand	 ﾠgravity	 ﾠgenerates	 ﾠa	 ﾠmoment	 ﾠwhich	 ﾠtends	 ﾠto	 ﾠpitch	 ﾠthe	 ﾠfeet	 ﾠdown.	 ﾠIncrease	 ﾠin	 ﾠa	 ﾠ
swimmer’s	 ﾠangle	 ﾠof	 ﾠattack	 ﾠleads	 ﾠto	 ﾠa	 ﾠlarger	 ﾠfrontal	 ﾠarea,	 ﾠresulting	 ﾠin	 ﾠa	 ﾠhigher	 ﾠdrag	 ﾠas	 ﾠidentified	 ﾠin	 ﾠ
Tables	 ﾠ1	 ﾠand	 ﾠ2.	 ﾠAs	 ﾠthe	 ﾠfluid	 ﾠforces	 ﾠand	 ﾠmoments	 ﾠacting	 ﾠon	 ﾠa	 ﾠswimmer’s	 ﾠbody	 ﾠare	 ﾠunsteady,	 ﾠthe	 ﾠ
athlete	 ﾠnaturally	 ﾠcontrols	 ﾠhis	 ﾠposition	 ﾠin	 ﾠthe	 ﾠwater	 ﾠwith	 ﾠsmall	 ﾠmovements	 ﾠof	 ﾠhis	 ﾠbody,	 ﾠwhich	 ﾠare	 ﾠnot	 ﾠ
captured	 ﾠin	 ﾠthe	 ﾠsimulations.	 ﾠ	 ﾠ
All	 ﾠthese	 ﾠfactors	 ﾠare	 ﾠcurrently	 ﾠnot	 ﾠdirectly	 ﾠquantifiable	 ﾠbut	 ﾠare	 ﾠknown	 ﾠto	 ﾠhave	 ﾠa	 ﾠsignificant	 ﾠ
impact	 ﾠon	 ﾠthe	 ﾠvarious	 ﾠresistance	 ﾠcomponents.	 ﾠIt	 ﾠis	 ﾠnoted	 ﾠthat	 ﾠthese	 ﾠvariations	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠin	 ﾠthe	 ﾠ
recorded	 ﾠline	 ﾠtension	 ﾠand	 ﾠare	 ﾠaveraged	 ﾠfor	 ﾠeach	 ﾠof	 ﾠthe	 ﾠthree	 ﾠrepeat	 ﾠruns	 ﾠ(the	 ﾠcoefficient	 ﾠof	 ﾠvariation	 ﾠ
is	 ﾠ 6	 ﾠ %).	 ﾠ The	 ﾠ ITTC	 ﾠ (1967)	 ﾠ resistance	 ﾠ committee	 ﾠ reported	 ﾠ a	 ﾠ study	 ﾠ from	 ﾠ Maruo	 ﾠ and	 ﾠ Ishii,	 ﾠ which	 ﾠ
considered	 ﾠdifferent	 ﾠ underwater	 ﾠhull	 ﾠforms	 ﾠin	 ﾠthe	 ﾠnear	 ﾠfree	 ﾠ surface	 ﾠto	 ﾠreduce	 ﾠwave	 ﾠresistance.	 ﾠ
These	 ﾠresults	 ﾠemphasise	 ﾠthe	 ﾠsubstantial	 ﾠimpact	 ﾠof	 ﾠa	 ﾠbody	 ﾠvolume	 ﾠand	 ﾠposition	 ﾠnear	 ﾠthe	 ﾠfree	 ﾠsurface	 ﾠ
on	 ﾠthe	 ﾠwave	 ﾠresistance.	 ﾠThe	 ﾠdescribed	 ﾠsources	 ﾠof	 ﾠerror	 ﾠcan	 ﾠexplain:	 ﾠthe	 ﾠdiscrepancy	 ﾠbetween	 ﾠthe	 ﾠ
numerical	 ﾠ simulations	 ﾠ and	 ﾠ the	 ﾠ experimental	 ﾠ data,	 ﾠ and	 ﾠ the	 ﾠ differences	 ﾠ between	 ﾠ repeated	 ﾠ
experimental	 ﾠruns.	 ﾠ5  Conclusions	 ﾠ	 ﾠ
To	 ﾠthe	 ﾠauthors’	 ﾠknowledge,	 ﾠthis	 ﾠpaper	 ﾠpresented	 ﾠthe	 ﾠfirst	 ﾠdirect	 ﾠmeasurements	 ﾠof	 ﾠthe	 ﾠpassive	 ﾠ
wave	 ﾠresistance	 ﾠof	 ﾠa	 ﾠswimmer	 ﾠwith	 ﾠthe	 ﾠuse	 ﾠof	 ﾠa	 ﾠlongitudinal	 ﾠwave	 ﾠcut	 ﾠand	 ﾠmatrix	 ﾠanalysis	 ﾠused	 ﾠin	 ﾠ
naval	 ﾠarchitecture.	 ﾠOn	 ﾠaverage,	 ﾠwave	 ﾠresistance	 ﾠrepresents	 ﾠ13.7	 ﾠ%	 ﾠof	 ﾠthe	 ﾠtotal	 ﾠdrag	 ﾠat	 ﾠ1.7	 ﾠm.s
-ﾭ‐1	 ﾠand	 ﾠ
11.5%	 ﾠof	 ﾠthe	 ﾠtotal	 ﾠdrag	 ﾠat	 ﾠ2.1	 ﾠm.s
-ﾭ‐1.	 ﾠIt	 ﾠis	 ﾠimportant	 ﾠto	 ﾠnote	 ﾠthat	 ﾠthese	 ﾠvalues	 ﾠare	 ﾠspecific	 ﾠto	 ﾠthe	 ﾠ
swimmer	 ﾠ body	 ﾠ geometry	 ﾠ and	 ﾠ position	 ﾠ adopted	 ﾠ during	 ﾠ the	 ﾠ experimental	 ﾠ runs	 ﾠ presented.	 ﾠ More	 ﾠ
repeat	 ﾠ runs	 ﾠ of	 ﾠ the	 ﾠ same	 ﾠ athlete	 ﾠ and	 ﾠ other	 ﾠ athletes	 ﾠ with	 ﾠ different	 ﾠ body	 ﾠ geometries	 ﾠ would	 ﾠ be	 ﾠ
necessary	 ﾠto	 ﾠestablish	 ﾠa	 ﾠrelationship	 ﾠbetween	 ﾠbody	 ﾠgeometry	 ﾠand	 ﾠposition	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠthe	 ﾠfree	 ﾠ
surface	 ﾠand	 ﾠwave	 ﾠresistance.	 ﾠ	 ﾠ
The	 ﾠ numerical	 ﾠ simulations	 ﾠ effectively	 ﾠ captured	 ﾠ the	 ﾠ fundamental	 ﾠ flow	 ﾠ features	 ﾠ of	 ﾠ the	 ﾠ wave	 ﾠ
system	 ﾠ generated	 ﾠ by	 ﾠ the	 ﾠ swimmer.	 ﾠ However,	 ﾠ a	 ﾠ comprehensive	 ﾠ validation	 ﾠ of	 ﾠ CFD	 ﾠ simulations	 ﾠ
remains	 ﾠdifficult	 ﾠbecause	 ﾠof	 ﾠhuman	 ﾠvariability	 ﾠand	 ﾠdiscrepancies	 ﾠin	 ﾠthe	 ﾠgeometry.	 ﾠThe	 ﾠuncertainties	 ﾠ
associated	 ﾠ with	 ﾠ towing	 ﾠ a	 ﾠ human	 ﾠ swimmer	 ﾠ would	 ﾠ be	 ﾠ alleviated	 ﾠ through	 ﾠ the	 ﾠ use	 ﾠ of	 ﾠ a	 ﾠ captive	 ﾠ
mannequin	 ﾠin	 ﾠa	 ﾠtowing	 ﾠtank	 ﾠto	 ﾠensure	 ﾠrepeatable	 ﾠconditions,	 ﾠwhich	 ﾠcan	 ﾠbe	 ﾠmore	 ﾠeasily	 ﾠcompared	 ﾠ
with	 ﾠthe	 ﾠnumerical	 ﾠsimulations.	 ﾠ
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